Hydraulic hoses may be used to damp pulsations and noise. Two main damping mechanisms are present in all pipeflows: viscous friction and hysteresis. Viscous friction between the flow and the pipe wall depends on properties such as the fluid viscosity, pipe relative roughness, Reynolds number and the pulsation frequency. Such damping has been described by many authors e.g. refs /1/, /2/ and /3/.
Viscous damping in laminar pipe flow is now well understood and predictable. When the flow is turbulent, the friction is more complex, and the damping can be predicted accurately only in certain cases.
In addition to the viscous damping, pulsa tions in pipes are damped because pipe walls have a built-in damping mechanism known as hysteresis. When a pressure peak propagates along a pipe, the walls expand in the region close to the peak. The pipe wall then stores potential energy, just like a strained spring. After the peak has passed, the pipe retracts, and the energy is transferred back to the fluid. Since no known material is perfectly elastic, some energy is always lost in the pipe wall. The regained energy amount is therefore less than the energy taken up by the pipe. Steel is nearly perfectly elastic, and in steel pipes the hysteresis can usually be neglected. This is not so in hydraulic hoses. The hose material's hysteresis properties contribute significantly to the damping of transients and noise.
Commercially available hoses consist of several cords, and unfortunately the hysteresis has been shown to be very complex, see refs./4/,/5/,/6/ and /7/. A mathematical model of the damping in a hydraulic hose therefore has to account for different kinds of nonlinear material properties, as well as mechanisms due to interference between neighbouring cords. The model proposed here shows how some linear and nonlinear hose properties may be accounted for in the model. We also discuss how these properties could be determined from measurements of a particular hose.
A SIMPLE MODEL OF TRANSIENT PIPE FLOW
Most simulation algorithms for transient pipe flow are based on a continnous mathematical model consiting of partial differential equations. The numerical solution, which uses discrete equations, is usually done as a purely mathematical manipulation. Alternatively, one could discretize the physical system first, and then establish a mathematical model of the discrete system afterwards. Fig. 1 shows how such a physical discretization can be done.
The fluid is regarded as being composed of "plugs"
, each assumed to behave as a rigid body. The fluid deformation is assumed to be located between the plugs. For each plug, one ordinary differential equation, a momentum equation, is established. Accordingly, one continuity equation is established for each" intervening space". It is shown in ref./2/ that such a physical discretization leads to the following system of equations.
Momentum equations:
(1) when the flow is laminar, and (10) and hence (11) As previously shown the momentum equa tions are described by eqn. (1) and (2) 
Nc=total number of cords.
For each cord:
In practice, it may be difficult to select relevant values for the constants C1 , C2, .., CN c+i and the corresponding damping factors. This problem is not further discussed here. Instead it should be noticed that the equations (12), (13) and (1) or (2) are general, and could be applied to any pipe or hose with any number of linearly viscoelastic cords.
MODIFICATON FOR NONLINEAR HYSTERESIS
If the hose wall's damping characteristics are nonlinear, the flow pattern becomes more complex. Generally, the wall's viscoelastic behaviour may be assumed to be exponential. Equation (8) In the general case with a total number of Nc cords, equation (12) becomes more "stiff" since the hose's expansion is delayed by its viscoelastic behaviour, and the velocity of sound is increased accordingly. This is an important result, because it indicates how we can easily determine which hysteresis-damping mechanisms are present. If the velocity of sound increases when the transient's amplitude is increased, we know that n1>1. If the velocity of sound decreases when the transients amplitude is increased, n1<1.
MODIFICATON FOR HYSTERESIS DUE TO DRY-FRICTION
A situation of particular interest is when the cords have a dry-(Coulomb-) friction between each other. This is the same as letting n 1= 0, NC=1, in eqns. (15) and (16). Dry-friction together with linearf riction has been reported in hydraulic hoses /4/.
In the simplest situation with a single-cord hose the mechanical analogy of one intervening space is as in fig. 5 . C is the oil's The dry-friction force has the opposite direction when the hose contracts compared to when it expands. Expansion occurs when the pressure increases sufficiently to overcome RC.Otherwise, the hose doesn't expand. Generally, one may write (20) The complete model is now described by eqns.(1), (2), (7) and (19) together with eqn.(20).
MEASUREMENTS
As previously described, the velocity of sound depends on the transient's amplitude if the hose's damping properties are nonlinear.
A simple hose was selected for testing in the laboratory, fig. 6 . The measurements were carried out by introducing sinusoidal hydraulic pressure excitations at one end of the hose. The other end was kept closed at all times. The damping was determined by measuring the amplitude of the pressure signals at both hose ends. This was done for different amplitudes and frequencies. Some of the results are plotted in fig. 7 . The relation H between the two amplitudes can be seen to depend strongly on both angular frequency and amplitude at the inlet end. Since the damping depends on the amplitude, some of the damping mechanisms are nonlinear.
As a second step towards determining the hysteresis, we compared the measurements with simulations. This has been done in fig.  8 . The two measured curves, 1 and 2, directly lead to one conclusion:
The lower of the two signal amplitudes, curve 1, has most space between the resonance peaks, and hence highest velocity of sound. The hysteresis damping is therefore probably of Coulomb-type.
Simulations were first carried out with the following data:
Hose length 1 = 10.50m Hose inner diameter d = 0.01352m Oil kinematic viscosity v = 26• 10-6 m2/s Oil densityp = 869 kg m3 Velocity of sound a = 720 m/s Curve 3 shows how the damping would have been if hysteresis were not present. The hydraulic damping, including the friction's frequency dependence, was accounted for, as described in /2/. The significant difference between curves 1, 2 and 3 indicates that the hydraulic damping in this case is small compared with the hysteresis damping.
The next approach was to account for the hysteresis, assuming that the hysteresis is linear. The oil-and-hose's total deformation capacity, as described by the velocity of sound used previously, now has to be split Instead, a very low value, RL= 2.109 Ns/m5, was selected. The correct velocity of propagation was now obtained by letting RC = 0.24 bar. We also accounted for the frequency dependence of the hydraulic friction. The results are shown in fi g. 9. These results agree better with the measurements in fig. 8 than when the hysteresis was neglected or assumed to be linear. It is also interesting to observe that the resonance peaks lie closer to eachother when the excitation amplitude is 0.9 bar. This means that the velocity of propagation decreases when the transient's amplitude is increased, which is the same tendency as one could observe in the measured curves. It is therefore very likely that the hysteresis damping is mainly of the Coulomb-type.
Full agreement between measurements and simulations was not obtained for all frequencies. There may be several reasons for this. It is possible that the Coulomb friction-factor RCis not independent of the amplitude, as assumed here. Further, it is possible that RC is also affected by the signal frequency. The deformation capacities C and C are also uncertain. 
